The hindered-rotation motion in the deuterium peroxide molecule is investigated through a study of the far-infrared absorption of the vapor. A l-m focal-length vacuum grating spectrometer was used to scan the region from 20 to 400 cm-I with an average resolution of 0.4 em-I. Seven perpendicular-type hinderedrotation bands characterized by prominent Q branches and unresolved P-and R-branch structure are observed in the spectrum. The band centers are located at 1.88,42.3,123.5,136.8,206.7,250.9, and 302.6 em-I. From these it is determined that, relative to the ground state, the first five excited hindered-rotation states are at 1.88, 208.6, 250.9, 387.7, and 511.2 em-I.
INTRODUCTION

I
N an earlier paperl (hereafter referred to as I) a theory of hindered internal rotation was developed for the hydrogen peroxide molecule H 2 0 2 and its deuterated forms D20 2 and HOOD. This theory was applied to the analysis of the far-infrared spectrum of H 2 0 2 vapor and an effective hindering potential function was determined for that molecule. Only a limited study of D20 2 was possible at that time. Using the microwave data of Massey, Beard, and Jen,2 it was shown in I that the first excited hindered-rotation state of D20 2 was split by about 41 cm-I, and that such a splitting was consistent with that calculated using the H 2 0 2 hindering potential.
This paper extends the treatment of D 2 0 2 to include the results of a 0.4-cm-1 resolution study of its vapor absorption between 20 and 400 cm-1 • Analysis of this spectrum yields the D20 2 potential parameters, V (cis) = 2470 cm-I, V(trans) =377 cm-1 with a potential minimum xo," 110.8° from the cis configuration. These parameter values serve to confirm the spectral analysis of H 2 0 2 in I as they differ only slightly from the corresponding H 2 0 2 values: V(cis) =2460cm-t, V(trans) = 386 cm-1 and xo=l11.So. The present data do not uniquely determine the effective bond lengths and angles of D 2 0 2 . However, it is found that the product of the OD distance and the sine of the OOD angle is 0.01 A smaller than its H 2 0 2 counterpart.
EXPERIMENTAL
The spectra were obtained using the l-m focal-length vacuum grating spectrometer and the aluminum and glass absorption cell described in I. The sample of D20 2, obtained from Giguere of Laval University, Quebec, Canada, was at the time of its preparation approximately 91 % D20 2 and 8% D20. Static samples of D20 2 vapor decomposed too rapidly in the absorption cell to be of use and it was necessary to follow the continuous-flow procedure adopted for H20 2. D20 2 vapor from a liquid sample maintained at about 25°C was admitted to the cell at one end and was slowly and continuously withdrawn at the other end by a cold trap and vacuum pump. Pumping speeds sufficient to avoid strong absorption from the decomposition product D 2 0 were usually in the range of 1 to 2 mljh. The 100-ml sample was sufficient to obtain two or more runs over all portions of the 20-to 400-cm-1 region. The absorption of D 2 0 vapor between 20 and 400 cm-I was also measured as a means of estimating the D20 contamination of the D 2 0 2 spectrum. Absorption paths in the O.4-m-long White cell ranged from 1.6 m between 20 and 300 cm-I to 3.2 m between 300 and 400 cm-I • Because the Golay cell detector suffered a loss in sensitivity at the beginning of this work, the average spectral slit width is 0.4 cm-I as compared to the 0.3 cm-I reported for H 2 0 2 • THEORY The theory of internal rotation in D20 2 is given in 1. The results are summarized here. Figure 1 shows the structure of D 2 0 2 and the form of the internal-rotation hindering potential. A semirigid model is adopted in which t~e only internal degree of freedom is the angle of relative internal rotation x. A set of molecular axes is chosen for which the Hamiltonian has the form [Eq. (3.4) in I]:
P is the total angular momentum with components Px,' P y, and P z referred to the molecule-fixed axes X, Y, Z. px is the momentum conjugate to the internalrotation angle x, and Vex) is the internal-rotation potential-energy function.
The inertial coefficients (3(x) , v(x), o(x), -r(x) , and a(x) are functions of the internal angle x, the 00 and OD distances, and the OOD angles. p,,2+ V(x) . The eigenfunctions of the latter Hamiltonian are denoted by MnT(X). n is a principal quantum number ordering the internalrotation energy levels of a given symmetry species T. The symmetries of M nT under the operations (J'I and (J' c (reflections in the trans and cis planes, respectively) are given in Table 1 .
The hindering potential is assumed to have the form Vex) = VI cosx+ V2 cos2x+ Va cos3x. The resulting Mathieu-type internal-rotation wave equation is solved by computer for appropriate values of the input parameters VI, V2, and Va. The latter are chosen so that the calculated internal-rotation energy eigenvalues coincide with those determined from analysis of the far-infrared spectrum. The computer calculation also gives the internal-rotation eigenfunction Mnr(x) and the matrix Since the off-diagonal (in K) matrix elements of the full Hamiltonian are small, the energy levels of the semirigid model of the molecule can be calculated to an accuracy of several hundredths of a wavenumber using second-order perturbation theory.
The zeroth-order selection rules for hindered-rotation transitions are discussed in I and are summarized here in Table II .
RESULTS
The absorption spectrum of D20 2 vapor between 20 and 400 cm-I is shown in Fig. 2 . In some regions the weaker absorption lines have been omitted because of the difficulty in distinguishing the contribution from D 2 0. Dashed portions of the spectrum indicate where moderately strong lines of D20 and D20 2 overlap, rendering the intensity of the latter quite uncertain.
There is no strong evidence for HOOD, H20, or HDO absorption arising from the sample. Some spectra did show the strongest rotational lines of H20 to a slight extent, but these were due to the modest vacuum attainable in the source housing. The spectrum of D20, run for comparison purposes, is in good agreement with that of Fuson, Randall, and Dennison. Table III lists the frequencies of the major absorption lines of D20 2 vapor measured at the absorption peaks. The estimated error in the measurement of welldefined absorption peaks is ±O.OS cm-I • A comparison of the peak percent absorption for the same path length is also given.
As in the case of H 2 0 2 , the hindered-rotation bands of D20 2 are perpendicular in character with prominent Q branches (except near the band centers) and unresolved P-and R-branch structure. Seven such bands have been identified. They are analyzed using the positions of the Q-branch absorption peaks as approximate Q-subband heads. The positions of the latter in the nr---tn'r' hindered-rotation band are then fitted to the equation
using combination relations wherever possible. DK is a distortion coefficient added empirically to include vibration-over-all-rotation interactions. The upper sign applies to RQK branches, the lower sign to PQK branches. EM is the energy of the nr internal-rotation state and the rotational constant Vnrnr is the expectation value of vex) in that state. Table IV lists the"-hindered-rotation band centers obtained and the internal-rotation transitions from which they arise. The errors quoted for the band centers are based on the analyses of the individual bands except for Bands D and C. The centers of these bands are more precisely determined from the energy-level positions obtained from the other bands.
Experimental values for v nT nT are given in Table V Figure 3 compares the observed D 20 z internal-rotation energy-level scheme with that calculated from the bond constants and hindering potential of H20 2• The letters labeling the internal-rotation transitions correspond to the letters of Fig. 2 and Table IV . Several matrix elements calculated with the H20 2 potential are given in Table VI. Comparison of Tables V and yI and inspection of Fig. 3 reveals that the effective hindering potentials and bond constants of H20 2 and D20 z differ only slightly.
Absence of experimental values for 'Ynr nT and (3nr nr prevents a unique determination of the 00 and OD distances and the OOD angle. However, since VOI 01 as calculated from H Z 0 2 data is 0.094 cm-l smaller than the experimental value of 4.742 cm-I, it follows that the product of the OD distance and the sine of the OOD angle is 0.936±0.006 A, i.e., 0.01 A smaller than its H Z 0 2 counterpart. This is because v(x), in first approximation varies as the inverse square of the above product and depends only weakly on other functions of the bond constants. This is also true of a(x), the inertial coefficient in the internal-rotation wave equation. As a result, ao, the major term in a(x), has an The first five eigenvalues above the ground state calculated with this potential are 1.86, 208.7, 251.0, 387.1, and 510.7 cm-1 in good agreement with the experimental values. The ground state is 130.7 cm-1 above the potential minimum.
DISCUSSION
The 1.88-cm-1 band, whose Q branches are labeled A in Fig. 2 , is well fitted by a perpendicular band analysis and it is from this band that DK is determined. Table  VII shows the observed Q-branch frequencies for this band and the same frequencies calculated using the constants of Tables IV and V. Table VIII gives similar comparisons for the remaining bands. The Q branches of these bands are identified in Fig. 2 by the same letter used to label the bands in Fig. 3 and by a number corresponding to the initial K value involved.
A relatively large number of absorption lines have been assigned to Q branches of the 250.9-cm-1 band.
Assuming these assignments are correct, it is not understood why RQs appears much weaker than RQg. RQn is the first Q branch which might be affected by a resonance arising from the Hamiltonian term
No PQ branches of the 302.6 cm-1 band, except possibly PQ4, can be identified with great certainty. They appear to be overlapped by the diffuse RQK branches of the much stronger 206.7-cm-l band. Also, RQo, PQI, etc., of the 250.9-cm-l band must contribute a Considerable background of absorption in this region.
Series I of the microwave spectrum of Massey, Beard, and Jen 2 was ascribed in I to the transitions J, (K±), n, r=J, (4±), 1, hJ, (5±), 1, 2. This assignment is confirmed here by the observation of several other Q branches of this band which is centered at 42.3 cm-I • In I this band was placed at 41.1 cm-I • This number was based on values of p m nT calculated from H20 2 data which, as a comparison of Tables V and VI shows, are somewhat smaller than the experimental values. The head of this microwave series occurs at 1.28 cm-I . The value calculated from the present data is 0.97 cm-I • The errors quoted for the band constants are sufficient to encompass this difference, part of which may be due to the approximation of taking the observed absorption peaks as the Q-subband heads.
The 136.8-cm-1 band is well behaved. At this low frequency the asymmetry in the intensity distribution is quite pronounced. I band reasonably well. Since such adjustments of the rotational constants are within their experimental errors, it is uncertain which band is the major contributor to these lines and it is also likely that these two bands combine to produce the absorption lines at 173.8 and 183.2 cm-I . The line at 191.9 cm-I assigned to RQ7 of the 123.5-cm-1 band is not considered to be decisive in the above argument.
Tables VII and VIII show that the agreement between observed and calculated Q-branch frequencies is generally poorest for the RQ2 and PQ3 branches and that, in some cases, these Q branches cannot be identified in the spectrum. In the present notation, these Q branches arise from the transitions J, K + =J, 2+~ J, 3+ and J, K-=J, 2-~J, 3-. Calculations using the matrix elements of Table VI show that the first of these transitions is generally strongly J dependent, while the latter is moderately so. Because of unknown vibration-rotation interactions it is difficult to predict which of these Q branches should be observed. However, the following transitions should be spread over several wavenumbers since they all have quartic J coefficients calculated to be greater than 9X1o-6 cm-l : All of the J, 2+-'>J, 3+ transitions except those of the 206.7-cm-1 band, and all of the J, 3+-'>J, 2+ transitions except those of the 123.5-and 302.6-cm-1 bands. Thus, in those cases where PQa and RQ2 branches are observed, the contributing component, with the above exceptions, must be largely the J, 2-~J, 3-transitions. This explains why some of these Q branches appear to be of lower intensity than the neighboring RQa or PQ4 branches.
In H20 2 several Q branches involving K = 1 were accidentally quite narrow. In D20 2 the constants are such that this does not occur.
